The secretion and hepatic extraction of insulin were compared in 14 normal volunteers and 15 obese subjects using a previously validated mathematical model of insulin secretion and rate constants for C-peptide derived from analysis of individual decay curves after intravenous bolus injections of biosynthetic human C-peptide. Insulin secretion rates were substantially higher than normal in the obese subjects after an overnight 57.2±2.8 nmol/m2 per 180 min, P < 0.001). Linear regression analysis revealed a highly significant relationship between insulin secretion and body mass index. Basal hepatic insulin extraction was not significantly Jifferent in the normal and obese subjects (53.1±3.8 vs. 51.6±4.0%). In the normal subjects, fasting insulin did not correlate with basal hepatic insulin extraction, but a significant negative correlation between fasting insulin and hepatic insulin extraction was seen in obesity (r = -0.63, P < 0.02). This finding reflected a higher extraction in the six obese subjects with fasting insulin levels within the range of the normal subjects than in the nine subjects with elevated fasting insulin concentrations (61±3 vs. 45±6%, P < 0.05).
Hyperinsulinemia is a common finding in obesity (1) (2) (3) (4) (5) . This abnormality could result from an increase in insulin secretion, a decrease in insulin clearance, particularly hepatic insulin extraction, or a combination of these two factors (1) (2) (3) (4) (5) (6) (7) . The literature is divided on which mechanism is predominant. The inability to resolve the controversy relates in large measure to the fact that current techniques do not allow hepatic insulin extraction to be accurately measured in humans by noninvasive techniques (8) .
In the present study, pancreatic insulin secretion rates were derived from peripheral concentrations of C-peptide using a two-compartment model of C-peptide kinetics (9), which we have previously validated in animal and human experiments (10, 11) . The use of this technique allowed us to compare insulin secretion in a group of normal weight and obese subjects under basal conditions, during 24-h sampling on a mixed diet and during a hyperglycemic clamp. Basal hepatic insulin extraction was calculated and the relationship between the insulin secretory rate and peripheral insulin concentrations was explored.
Methods

Subjects
Studies were performed in 14 normal volunteers and 15 obese subjects who did not have a personal or family history of diabetes. The normal and obese groups were well matched for age (38.5±3.7 vs. 35.8±2.8 yr, P < 0.001) and sex (7 male, 7 female vs. 10 female, 5 male) and differed significantly only in parameters of obesity, namely weight (70.1 vs. 105.7±6.6 kg, P < 0.001), body mass index (23.0±0.5 vs. 37.0±1.9 kg/m2, P < 0.001), and percent ideal body weight (102.6±2.5 vs. 167.5±8.6%, P < 0.001). All studies were performed in the Clinical Research Center of the University of Chicago. The protocol was approved by the Institutional Review Board and all subjects gave written informed consent.
Study protocol
Intravenous bolus injections of C-peptide and insulin. After a 10-h overnight fast, subjects received intravenous bolus injections ofbiosynthetic human C-peptide (BHCP)' (150 ,g) and insulin (1.5 U Humulin R; Eli Lilly & Co., Indianapolis, IN) along with a constant infusion of somatostatin (Bachem Inc., Torrance, CA, 500 ,g/h) to suppress endogenous insulin secretion. The details ofthis protocol have previously been described (10) . In this and subsequent studies, the hand with the sampling catheter was maintained in a heating blanket to ensure arterialization of the venous sample.
Experimental protocolfor the measurement ofendogenous insulin secretion. After a 10-h overnight fast, samples were drawn at 15-30-min intervals beginning at 0600 for a total of 24 h. During this time, 1 . Abbreviation used in this paper: BHCP, biosynthetic human C-peptide.
the subjects consumed a standard diet consisting of 30 cal/kg comprised of 50% carbohydrate, 15% protein, and 35% fat. 20% of total calories were eaten at breakfast and 40% with lunch and dinner, respectively. The relative proportions and type of food were held constant. At the completion of the 24-h sampling study, glucose was infused intravenously to raise the plasma glucose concentration acutely to 300 mg/dl. The glucose infusion rate was then varied to maintain the plasma glucose concentration at this level for a total of 180 min, adjustments being made at 2-5-min intervals based on the plasma glucose concentration. Insulin and C-peptide concentrations were measured every 15 min throughout the study.
Sample collection and analytical techniques. Blood samples for insulin were allowed to clot at room temperature and the serum was stored at -20°C until assayed. C-peptide and glucose samples were drawn into tubes at 4°C containing 500 kallikrein inhibitor units/ml trasylol and 1.2 mg/ml EDTA. Plasma was separated immediately and stored frozen until assayed.
Serum insulin was assayed by a double antibody technique (12) . Plasma glucose was measured with a glucose analyzer (Yellow Springs Instrument Co., Yellow Springs, OH). Human C-peptide immunoreactivity in plasma was measured as previously described ( 13) . BHCP and 25I-Tyr-BHCP were used as assay standard and tracer, respectively ( 14) .
Data analysis
Derivation of endogenous pancreatic insulin secretion rates. A twocompartment model was used to derive insulin secretion rates from peripheral C-peptide concentrations. This model assumes that C-peptide distributes into a central and a peripheral compartment. The central compartment from which sampling occurs consists of the plasma and tissues in rapid equilibration with plasma. Kl and K2 are the fractional rate constants that describe the movement ofC-peptide from the central to the peripheral compartments and back again. K3 is the rate constant that describes the irreversible metabolism of C-peptide which is assumed to occur from the central compartment. We have demonstrated that this model allows accurate estimates of insulin secretion rates to be derived even under non-steady state conditions (10, 1 1). This approach was applied in the present study as follows: Model parameters of C-peptide were derived in each subject by analysis of individual C-peptide decay curves as previously described (10) . The parameters included the fractional rate constants K 1, K2, and K3 and the C-peptide volume of distribution, as well as the plasma half-lives and the metabolic clearance rate of C-peptide. Production rates of C-peptide (and, therefore, insulin) were then obtained by solving the equations of Eaton (9) for data collected during the 24-h sampling and hyperglycemic clamp studies. A robust, locally weighted regression procedure described by Cleveland (15) was used to obtain a smooth representation of the C-peptide concentration curves. The individual C-peptide kinetic parameters were then substituted into the Eaton equations to derive the C-peptide and insulin secretion rates by a procedure termed deconvolution.
Using these methods, the secretion rate of insulin was derived under three experimental conditions: (i) the basal insulin secretory rate, standardized for body surface area and expressed in picomoles per m squared per minute, was estimated at the mean secretory rate between 0600 and 0900, i.e., during the 3-h-interval preceding breakfast; (ii) the 24-h insulin secretion was estimated as the area under the 24-h profile of secretion rates and was expressed as nanomoles per m squared per 24 h; and (iii) the total secretory responses to intravenous glucose measured during the hyperglycemic clamp study were calculated as the area under the corresponding secretion curve and expressed as nanomoles per m squared per 180 min.
Metabolic clearance rate ofinsulin. The metabolic clearance rate of insulin was derived from the insulin decay curves as previously de- scribed (16) .
Hepatic insulin extraction. Under basal steady state conditions, the posthepatic delivery rate of insulin was calculated, in each subject, as the product of the individual mean insulin concentrations during the 3-h prebreakfast study period and the metabolic clearance rate multiplied by the body surface area. Since insulin secretion was simultaneously measured in each subject, it was possible to calculate basal hepatic insulin extraction according to the following formula: hepatic extraction (%) = (secretion rate-post hepatic delivery rate)/(secretion rate) X 100. This approach to the measurement of hepatic insulin extraction is valid only under steady state conditions. To gain insight into the relationship between insulin secretion and the peripheral insulin concentration during the 24-h sampling and hyperglycemic clamp studies, the ratio of the area under the insulin secretion curve (picomoles per minute) and the area under the peripheral insulin concentration curve (picomoles per milliliter) was calculated. The units of this ratio are milliliters per minute, and since it relates insulin secretion to peripheral insulin concentrations, it is a measure ofendogenous insulin clearance.
Statistical analysis. The significance of group differences was evaluated by the two-sample t test unless otherwise stated. Pearson correlation coefficients were calculated to assess the degree of association between variables, and linear regression analysis was used to describe the relationship between insulin secretion and body mass index. Multiple variables were compared using multivariate analysis of variance. The C-peptide decay curves were analyzed as previously reported (17) . Values are reported as mean±standard error of the mean. Differences were regarded as statistically significant if the corresponding P value was < 0.05. All statistical analyses were performed using the statistical analysis system (Version 6; SAS Institute, Cary, NC).
Results
Decay curves ofC-peptide. Each decay curve was resolved into the sum of two exponentials by nonlinear least-squares regression analysis allowing the kinetics of C-peptide to be individually defined. In the normal volunteers, the half-disappearance times of each exponential were 4.6±0.2 and 30.6±0.8 min, respectively, and the metabolic clearance rate of the injected C-peptide was 128.3±6.5 ml/m2 per min. In the normal subjects, the parameters for a two-compartment model were as follows: K, = 0.050+0.004, K2 = 0.045±0.002, and K3 = 0.058±0.001 min-', and distribution volume equals 2,226±84 ml/m2. The corresponding values in the obese subjects were not significantly different from normal (P < 0.2) by multivariate analysis of variance.
Metabolic clearance rate of insulin. The metabolic clearance rate of insulin derived from the decay curve after its bolus injection was not significantly different in the normal (401.8±20.0 ml/m2 per min) and obese subjects (410.4±34.8 ml/m2 per min, P < 0.8).
Insulin, C-peptide, and glucose concentrations. Insulin, Cpeptide, and glucose concentrations measured under basal fasting conditions, over the 24-h period on a mixed diet and during the hyperglycemic clamp, are shown in Table I and Fig.  1 . Although the average basal and 24-h glucose concentrations did not differ in the normal and obese subjects, both basal and 24-h insulin and C-peptide concentrations were significantly greater in the obese group. During the hyperglycemic clamp, glucose levels of 299.0±1.2 and 299.6±0.8 mg/dl were achieved in the normal and obese groups, respectively. In this study, insulin and C-peptide concentrations were also significantly higher in the obese compared with the normal subjects.
Insulin secretion rates. Absolute insulin secretion rates were significantly higher in the obese subjects under all three experimental conditions. Even after correction for body surface area, the obese subjects secreted approximately twice as To convert insulin from picomoles to microunits, multiply by 145.
much insulin as the normal controls (Table I ). The relationship between insulin secretion and obesity was investigated by studying the regression relationship between the insulin secretion rate and body mass index. As shown in Fig. 2 , under basal conditions (top) as well as over the 24-h sampling period (bottom), there was a statistically significant increase in the amount of insulin secreted with increasing body mass index. Of interest is the observation that the normal and obese subjects fall along the same regression line in each case. Basal hepatic insulin extraction. As shown in Table I , basal insulin concentrations were significantly increased in the obese subjects as compared with the normal controls (15.9±2.2 vs. insulin was significantly increased in the obese group (94.2±13.6 vs. 42.2±4.0 pmol/min, P < 0.002). The overweight subjects also demonstrated basal insulin secretion rates f that were greater than normal (189.0±19.9 vs. 94.9±10.8 pmol/min, P < 0.001). However, the secretion and posthepatic delivery of insulin were increased to the same degree in the obese group, and, therefore, the calculated hepatic insulin extraction for the group means was not significantly different from normal in the obese subjects (53.1±3.8 vs. 51.6±4.0%, P <0.8).
To gain insight into the factors that influence basal insulin concentrations, the relationship between insulin secretion and the fasting peripheral insulin level (calculated as the mean of plasma levels in the 3-h period before breakfast) was studied. In both the normal and obese groups, fasting insulin concentrations were significantly correlated with basal insulin secretion rates (r = 0.79, P < 0.003, and r = 0.82, P < 0.001, respectively). In the normal subjects, no significant correlation between hepatic insulin extraction and the basal insulin level was observed (r = 0.1 1, P < 0.7). However, in the obese subjects, there was a significant negative correlation between these two variables (r = -0.63, P < 0.02). In this regard, it was observed that six of the obese subjects had basal insulin concentrations within the range found in the normal subjects (<11 ,uU/ml), while nine had values above this normal range. The subjects with elevated insulin values had significantly lower hepatic insulin extraction than the subjects with normal basal insulin concentrations (61±3 vs. 45±6%, P < 0.05). Although insulin secretion rates were elevated in both groups, the obese subjects with elevated basal insulin secreted more insulin under fasting conditions (100.5±8.1 vs. 66.0±7.0 pmol/m2 per min, P < 0.05) and over the 24-h sampling period (317.7±33.2 vs. 222.4±18.6 nmol/m2 per 24 h, P < 0.05) than obese subjects with normal basal insulin.
Relationship between the secretion rate of insulin andperipheral insulin concentrations during the 24-h meal sampling study. To determine if insulin clearance mechanisms in general and hepatic insulin extraction in particular were different in the normal and obese subjects during the 24-h meal study, the relationship between the secretion rate of insulin and the peripheral insulin concentration during this study was examined. Normal subjects secreted 270.6±22.1 nmol (145.5±8.8 nmol/m2) insulin over the 24-h period as calculated by the area under the secretion rate curve. The corresponding area under the peripheral insulin concentration curve was 208.8±18.2 pmol/ml per 24 h. Both the total insulin secreted (622.7±71.9 nmol in 24 h) and insulin area (578±102 pmol/ml per 24 h) were significantly elevated in the obese subjects. Under these conditions as well, however, the peripheral insulin area was increased in proportion to the increase in the insulin secretion rate, and thus the ratio of the area under the secretion rate curve to the area under the insulin concentration curve was similar in the two groups of subjects (1,340+82 vs. 1,279+122 ml/min, P < 0.7). In the normal subjects, this ratio did not correlate with either the average fasting or 24-h insulin concentration. However, in the obese subjects, a significant negative correlation between the ratio and the average basal (r = -0.75, P < 0.001) or 24-h insulin concentration (r = -0.74, P < 0.002) was observed, providing additional evidence that reduced insulin clearance may be present in more severely hyperinsulinemic obese subjects.
Relationship between pancreatic insulin secretion and peripheral concentrations of insulin and C-peptide during the hyperglycemic clamp (Fig. 3) . During the hyperglycemic glucose infusion, insulin secretion rates increased progressively from basal levels to reach peak values of 1,554±219 and 689±44 pmol/min at the end of the clamp in the obese and normal subjects, respectively (Fig. 3) . During the same time interval, peripheral C-peptide and insulin concentrations also increased progressively to reach peak values of 2.91±0.17 pmol/ml and 130.4±13.7 ,U/ml in the normals and 5.22±0.80 pmol/ml and 362.0±74.7 AU/ml in the obese subjects (Fig. 3) .
To define the relationship between the increase in the secretion rate of insulin and peripheral concentrations of C-peptide and insulin, the insulin and C-peptide concentrations and insulin secretion rates (at each sampling time during the studies) were expressed in relation to their basal levels before starting the intravenous glucose infusion. These data are shown in Fig. 4 . In the normal volunteers at the final sampling time, insulin secretion had increased to reach a level that was 6.2±0.5 times the level in the baseline. In the obese, the corresponding relative increase was similar to normal, i.e., 5.8±0.7 times the basal secretion rate (P < 0.7). As can be seen in Fig.  4 , as the insulin secretion rate increased, peripheral C-peptide concentrations increased relatively less than the insulin secretion rate. However, after 120 to 135 min, the peripheral Cpeptide had increased to the same extent as the secretion rate Time (min) Figure 4 . The relationship between changes in pancreatic insulin secretion (s) and peripheral concentrations of insulin (A) and C-peptide (o) during the hyperglycemic clamp in the normal (top) and obese (bottom) subjects. At each sampling time during the study the concentration of insulin or C-peptide or the insulin secretion rate was expressed as a ratio of the respective concentration or secretion rate before starting the glucose infusion. This enabled the changes in each of these parameters in relation to the basal level to be depicted.
and, at the end of the glucose infusion, had reached a level corresponding to 6.0±0.5-fold the basal C-peptide level, an increment similar to the increment in insulin secretion. The same relationship was found in the obese subjects, i.e., over the course ofthe glucose infusion, insulin secretion and peripheral C-peptide levels increased to reach peak levels, which were 5.8±0.7 and 5.0±0.6 times their respective basal levels. In contrast, the increase in peripheral insulin concentrations was considerably greater than the increase in the insulin secretion rate in both groups. Thus, 180 min after beginning the glucose infusion, the basal peripheral insulin concentration had increased 14.1±2.1-fold in the normal subjects and 16.6±3.1-fold in the obese subjects. In both groups, in response to the glucose infusion, peripheral insulin concentrations increased to a significantly greater extent than the insulin secretion rate (P < 0.004). Although the increment in insulin concentrations tended to be greater than normal in the obese subjects, the differences between normals and obese were not statistically significant. Additionally, peripheral insulin concentrations continued to increase even after insulin secretion rates had started to level off. Thus, in the normal volunteers, in the final 2 h of the glucose infusion, the insulin secretion rate increased by < 20% from 582±35 pmol/min to reach a maximum of 689±44 pmol/min at the completion of the glucose infusion. Over the same time interval the peripheral insulin concentration almost doubled from 72±9 to 130±14 ,U/ml.
Discussion
A number of studies have ascribed the hyperinsulinemia of obesity to an increase in insulin secretion (1, 3, 5) . On the other hand, it has also been suggested that diminished insulin clearance is an important underlying mechanism for the hyperinsulinemia found in these patients (2, 4, 6, 7) . Standard measurements of insulin, C-peptide, and of the C-peptide/insulin molar ratio do not allow the relative importance of hypersecretion and diminished clearance to be determined accurately (8) .
In the present study, we have applied a more quantitative approach to the measurement of insulin secretion in normal and obese volunteers. This technique, which involves the application of a two-compartment model to the analysis of peripheral C-peptide concentrations and the use of individual kinetic parameters of C-peptide, allows the secretion rate of insulin to be accurately quantitated even under non-steady state conditions (9-1 1) .
Under basal conditions, normal volunteers secreted 50.9±4.8 pmol/m2 per min, and over a 24-h period on a mixed diet 145.8±8.8 nmol/m2 insulin was secreted by the pancreas. These estimates of basal secretion agree closely with data previously published by ourselves and other investigators (9, 10, 18, 19) . Estimates of stimulated insulin production rates have varied widely in previous studies, probably because none have used individually derived rate constants, as was possible in the present study (3, 9, (18) (19) (20) . The current study clearly demonstrates that insulin secretion is increased in obesity under basal conditions, over a 24-h period on a mixed diet and in response to intravenous glucose. A highly significant linear relationship was found between both basal and 24-h insulin secretion and body mass index, which indicated that insulin secretion increases as the degree of obesity increases. Moreover, hypersecretion of insulin appears to be the most important factor in the pathogenesis of the hyperinsulinemia of obesity. Thus, the basal insulin concentration was highly correlated with the basal insulin secretion rate in both normal and obese subjects. Similarly, significant correlations were observed between the average insulin concentration during the 24-h sampling study and the total 24-h insulin production rate.
When group means for insulin metabolic clearance and hepatic insulin extraction were compared, obese subjects did not differ significantly from normal. However, more detailed examination of the data revealed that nine obese subjects with basal hyperinsulinemia (> 11 tU/ml) had significantly lower hepatic insulin extraction than six subjects with normal fasting insulin levels (45±6 vs. 61±3%, P < 0.05). Insulin secretion rates were elevated to a greater extent in the obese subjects with basal hyperinsulinemia. A prospective study in a larger group of subjects will be necessary to determine if obese subjects can be divided into the discrete groups (with normal or elevated basal insulin), or if this apparent subdivision really represents the two ends of a continuum. In the normal subjects, there was not a significant correlation between the basal insulin level and basal hepatic insulin extraction. However, in the obese subjects, a significant negative correlation was observed between these two variables (r = -0.64, P < 0.02). These data therefore suggest that, under normal circumstances, insulin secretion is the major determinant of the basal insulin concentration. In obesity however, reduced hepatic insulin extraction may play a contributory role in subjects with more marked hyperinsulinemia. A recent study (21) documented a reduction in the metabolic clearance rate of insulin with increasing body mass index and also concluded that reduced clearance may contribute to the hyperinsulinemia of obesity.
There is currently considerable data in the literature to indicate that insulin clearance varies under different physiological circumstances, particularly in response to ingestion of glucose by mouth (22) (23) (24) . In the present 24-h study, the areas under the peripheral insulin concentration and insulin secretion curves were calculated in the normal and obese subjects, and the ratio between these areas was calculated. This ratio provides an overall measure of endogenous insulin clearance but does not allow transient changes in insulin clearance to be detected. In fact, the units of this ratio are milliliters per minute, which represents the units of clearance. By this measure as well, overall clearance of endogenously secreted insulin was similar in the normal and obese subjects (1,340±82 vs.
1,279+122 ml/min).
Analysis of the data from the hyperglycemic clamp study provided clear evidence for a reduction in insulin clearance in both normal and obese subjects at the high insulin levels in response to the glucose infusion. The present techniques do not allow us to determine if this change occurred at hepatic or nonhepatic sites. Nevertheless, the most likely explanation for this finding is that it resulted from saturation of hepatic insulin uptake. It is well known that insulin clearance saturates as the plasma insulin concentration increases (25) (26) (27) . When insulin is administered via the peripheral route, most evidence indicates that saturation occurs at plasma concentrations well above the physiological range (25), although some studies have reported saturation within the physiological range (26, 27) . In the present study, peak peripheral insulin concentrations of 130±14 and 363±75 RU/ml were measured in the normal and obese subjects, respectively, during the intravenous glucose infusion. Under these circumstances, portal insulin concentrations would be expected to be three-to fourfold greater than the peripheral concentration, well within the range where saturation of clearance mechanisms may occur. Taken in conjunction with previous evidence that indicated that intravenous glucose per se does not affect insulin clearance (24) , the observed reduction in clearance can be assumed to be due to the extent of the elevation in serum insulin. Another possible mechanism for this observation relates to the recent demonstration that after receptor mediated endocytosis, a proportion of the internalized insulin undergoes rapid exocytosis and is not degraded (28). An increase in the rate of this process, which has been termed retro-endocytosis, could result in the observed findings. Whatever the mechanism for the reduction in insulin clearance, the data clearly demonstrate that after stimulation of endogenous insulin secretion, insulin clearance kinetics may be nonlinear at concentrations within the high physiological range. This finding must be taken into account in attempting to derive the posthepatic delivery rate of insulin from peripheral concentrations, since kinetic parameters derived under basal circumstances may not apply after stimulation of secretion. These data also underscore the concern that data on insulin clearance derived during steady state peripheral infusions ofthe hormone may not apply to the physiological intraportal route of insulin delivery under non-steady state conditions.
In summary, therefore, the availability of quantitative estimates of insulin secretion has allowed several important conclusions to be drawn concerning insulin secretion and clearance kinetics in normal and obese subjects. These are (a) Insulin secretion is increased in obesity and is the most important factor in the pathogenesis of the hyperinsulinemia observed in that condition. (b) Although group means for insulin metabolic clearance rate and hepatic insulin extraction are not significantly different in normal and obese subjects, diminished insulin clearance may be a contributory factor in subjects with more marked hyperinsulinemia. (c) In response to a hyperglycemic glucose infusion a reduction in insulin clearance occurs in normal and obese subjects.
